Plastic and rubber based composites containing carbon black (CB) were investigated for the potential to release CB nano-particulates under stress conditions into food simulants. Nanocomposites were exposed to thermal, chemical, and mechanical stress, followed by mechanical abrasion of their surface. Particle sensitive asymmetric flow field-flow fractionation (AF4) with multi angle laser light scattering (MALLS) detection was used to detect and quantify CB nano-particulates. This study demonstrates that, even under dynamic stress conditions, CB nano-particulates are not released from the plastic or rubber compounds into food. This study intends also to propose a general nano-release stress test protocol for plastic materials coming into contact with foodstuff.
Introduction
This article is the first in a series of two dealing with the investigation of the potential release of Nanomaterials (NMs) from nanocomposites under intense material stress conditions. NMs offer new or improved properties when used in food packaging materials, but to date there is no broad agreement whether the use of NMs in such products could lead to higher risk for consumers [1] [2] [3] [4] . Risk is the product of hazard (toxicological properties) and exposure [5] , thus the risk of NMs that are used in nanocomposites can be assessed by determining whether the NMs are able to be released from packaging into foodstuff at all, and if yes, to which degree.
The number of studies dealing with the potential diffusion based migration of NMs has significantly increased in the last ten years. An overview of the published literature can be found in the reviews by Duncan et al., Kuorwel et al. and Störmer et al. [6] [7] [8] . Results from these migration studies are often inconsistent and in some cases even contradictory. Positive migration results were typically found either when direct contact of the food (simulant) with the NM was possible e.g., at cutting edges of the test specimen or when the surrounding matrix caused severe interactions with the nanocomposite e.g., due to the swelling or even degradation of the polymer. The investigation of nanocomposites in contact with complex matrices like food or food simulants is still a new analytical field that certainly requires a different analytical approach than for the investigation of classical polymer compounds. The occurrence of experimental errors or artefacts due to inadequate experimental designs might also play a non-negligible role. This issue finds, however, insufficient consideration in the reported studies so far. A comprehensive experimental design (i.e., sample preparation, storage conditions of the samples, matrix interactions, and the choice of analytical method for the detection of NMs) should respect the particulate nature and the stability of the investigated NM at any time during the whole migration experiment, including sample preparation steps and analytical methods.
The inherent complexity of the migration studies on nanocomposites is one reason why risk assessment of NMs still has to be performed on a case-by-case basis [9] . When considering the potential migration of NMs from polymers, it is generally accepted though that NMs are too large to have a significant mobility within a polymer matrix and thus do not have the potential to migrate due to diffusion in the polymer [10, 11] . In these studies, supported by migration modelling, a "cut-off diameter" for diffusion of 3-4 nm was derived for NMs incorporated into polyolefins and 1-2 nm in polyethylene terephthalate (PET) or similar polymers. In practice, these small NM sizes are not encountered in nanocomposites that are used as food contact material (FCM). Thus, exposure for consumers will not take place, especially when the NM is fully embedded within the polymer (i.e., fully dispersed and incorporated in the matrix) when mechanical release can also be excluded.
The above mentioned modelling of NM migration considered carbon black (CB) as a worst-case model substance that overestimates the migration of any other NM, due to the low molecular weight of carbon. CB, with its aciniform structure, whereby primary particles are fused together to form aggregates, presents diameters that are well above the mentioned cut-off diameters. Besides theoretical considerations, the non-migration of CB from plastic food packaging materials was experimentally demonstrated in a static migration test [12] .
Migration scenarios other than diffusion-based are conceivable: (i) dissolution of the NMs by the contact medium (e.g., acidic food or simulant) either in the polymer matrix or after release and (ii) the desorption of NMs that are not fully embedded in the polymeric matrix (e.g., located at the surface of the nanocomposite) or release of NMs after degradation of the polymeric matrix [6, 13, 14] . Depending on the intended use of the FCM such release scenarios might be linked to or induced by mechanical, thermal or chemical stress that weakens the polymer.
The intention of this study was to investigate the influence of mechanical, thermal, and chemical stress conditions that were applied to nanocomposites, followed by the potential release of NMs into food simulants and to propose an appropriate test regimen. The stress conditions should include a dynamic mechanical abrasion treatment to simulate the worse case conditions of real-life handling and use of the FCM. This is the first article in a series of two deals with the experimental design in detail and delivers results regarding the potential release of nanoparticles from CB-nanocomposites. In the second article [15] the same release test was performed on other nanocomposites using nanosilver, nano-titanium nitride, and nano-laponite. Together with CB, all four nanomaterials represent, due to their structural and chemical composition, a broad range of nanomaterials that might find application as nano additives in plastic FCMs.
Materials and Methods

Materials
Four different CB grades were selected. Printex ® 80 (Orion Engineered Carbons GmbH, Frankfurt am Main, Germany) and Printex ® 85 (Orion Engineered Carbons GmbH, Frankfurt am Main, Germany) are typical grades used in plastic food packaging while N550 and N772 are widely used in rubber applications (e.g., gaskets used in the food processing industry). All four CB materials were provided as powder, along with the corresponding plastics (low density polyethylene (LDPE)) and rubber (ethylene propylene diene monomer (EPDM)) plaques. Printex ® 80 and Printex ® 85 samples (as powders as well as incorporated into LDPE plaques of 90 × 60 × 3 mm) were provided by (Orion Engineered Carbons GmbH, Frankfurt am Main, Germany) on behalf of the International Carbon Black Association (ICBA, New Orleans, LA, USA). N550 and N772 samples (as powders as well as incorporated into EPDM plaques of 140 × 140 × 2 mm) were provided by Birla Carbon (Marietta, GA, USA) on behalf of the ICBA. An overview of the test samples and the typical CB properties are given in Tables 1 and 2 , respectively. 
Nano-Release Study-General Experimental Design
A damaged nanocomposite's surface might exhibit NMs that are not fully covered with polymer anymore and thus partially protrude the polymer. In turn, this scenario might facilitate the release of NMs when the nanocomposite gets in contact with food. The objective of the stress test was to simulate foreseeable real-life stress conditions on plastics and rubber materials and to see whether or not a stress-induced release of NMs is possible. The general experimental design of the so-called nano-release experiment is schematically displayed in Figure 1 . The experiment can be subdivided into three parts:
• Pre-stress: relevant mechanical, thermal, and chemical stress conditions that are realistic in practice • Abrasion test: basic stress test to see whether NMs can be abraded from the nanocomposite's surface using a dry simulant with an abrasive character simulating intensive use and handling of the nanocomposite. • Analytical detection of released NMs: depending on the nature of NM, particle-and/or element-specific detection techniques are used to demonstrate whether or not NMs were released from the nanocomposite During the abrasion test, the nanocomposite is placed in an abrasion cell, loaded with a dry substance, and shaken on a laboratory shaker. Parameters are set to allow the dry substance to homogeneously scrub over a defined area of the nanocomposite's surface. The type and amount of the dry substance (e.g., salt or sand as an alternative food simulant) as well as the duration and intensity (frequency) of the shaking can be adjusted to achieve an intense but homogeneous abrasion of the surface. The abraded material and the dry food simulant are subsequently collected and analyzed for the presence of potential NMs through Asymmetrical Flow Field-Flow Fractionation (AF4), with Multi-Angle Laser Light Scattering (MALLS) detection for particulate substances ("particle specific"), and/or, if applicable, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for the solubilized particle-specific elements ("element specific"). In this study, with the case of CB as NM, element specific measurement was not applied due to the inapplicability of ICP-MS to the determination of carbon. 
Basic Material Stressing-Abrasion Test
Disks of 53 mm (LDPE samples) and 90 mm (EPDM samples) in diameters were cut out from the nanocomposite plaques and placed in two models of glass Petri dish used as abrasion cells, whereby one contains the nanocomposite and the other one is used as lid ( Figure 2 ). Quartz sand (Büchi Labortechnik GmbH, Essen, Germany) was used as dry-food simulant with abrasive character. This quartz sand exhibits sufficient small grain sizes and hardness to provide 
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Disks of 53 mm (LDPE samples) and 90 mm (EPDM samples) in diameters were cut out from the nanocomposite plaques and placed in two models of glass Petri dish used as abrasion cells, whereby one contains the nanocomposite and the other one is used as lid ( Figure 2 ). Quartz sand (Büchi Labortechnik GmbH, Essen, Germany) was used as dry-food simulant with abrasive character. This quartz sand exhibits sufficient small grain sizes and hardness to provide Quartz sand (Büchi Labortechnik GmbH, Essen, Germany) was used as dry-food simulant with abrasive character. This quartz sand exhibits sufficient small grain sizes and hardness to provide homogeneous friction on the polymer's surface. Sodium chloride was also tested as alternative dry food simulant, but it caused problems during the analytical measurements. 0.5 g of quartz sand was added in the small cells (d = 53 mm for LDPE samples) with a contact surface of 0.22 dm 2 . Large cells (d = 90 mm for EPDM samples) were loaded with 1.0 g of quartz sand with 0.64 dm 2 sample contact area. All of the cells were sealed with parafilm to keep them closed and tight.
The abrasion cells were then placed on an orbital shaker (GFL 3017, Gesellschaft für Labortechnik, Burgwedel, Germany) causing the sand to homogeneously scrub the plastics and rubber surface at 250 rpm for 30 min. Tests were performed in triplicates.
Upon completion of the abrasion period, all loose solids i.e., the sand and eventually abraded material, were carefully transferred into 15 mL centrifugal vials. The disks were rinsed with 96% ethanol and the liquid collected into the same centrifugal vials. The vials were then filled with 96% ethanol to the 15 mL mark and then shaken for 15 min to detach and disperse any potential loose CB particulates that might have been abraded. The vials were finally left to rest for 10 min for the sand to settle down. Approximately 5 mL of the clear supernatants were carefully transferred into sample vials for AF4 analysis.
Additional Material Stress Conditions that Might Induce the Release of CB
The abrasion test described above is the basic dynamic test to stress the nanocomposite's surface and to pick-up the potentially abraded CB nano-particulates. In real life, the FCM could be exposed to other mechanical constraints, thermal cycles, or aggressive chemicals that could further weaken the polymer and thus facilitate the release of NMs after abrasion. Such potential stress situations were simulated in this study, as follows.
•
Thermal stress by heat:
The LDPE and EPDM compounds were placed in closed foil pans and stored at 100 • C for 24 h in a temperature controlled oven.
Thermal stress by freezing:
The LDPE and EPDM compounds were placed in closed foil pans and stored at −50 • C for 24 h in a temperature controlled freezer. • Chemical stress by swelling with solvents:
The LDPE and EPDM compounds were placed in stainless steel cells, immersed in 100 mL of isooctane or toluene for LDPE and EPDM, respectively, and then stored for 24 h at 40 • C in a temperature controlled oven. All samples were stored for two days under a fume-hood to evaporate any remaining solvent prior to being subjected to the abrasion test. • Mechanical stress test by stretching: Rectangular strips of 88 × 59 × 3 mm and of 88 × 59 × 2 mm were prepared from the LDPE and EPDM plaques, respectively. These specimens were clamped in a universal tensile strength testing apparatus equipped with a traverse path sensor. The LDPE strips were vertically stretched by 5 mm and the EPDM specimens by 50 mm. Cut-outs for the subsequent abrasion test were taken from the center of the strips.
Each "pre-stress" material treatment was followed by the basic abrasion test, as described above.
Analytical Set-Up for the Detection of CB Nano-Particulates in the Abrasion
Preparation of CB Reference Dispersions
100 mg/L stock dispersion of each of the CB powders (Printex ® 80, Printex ® 85, N550 and N772) was prepared in 96% ethanol. 10 mg of CB were placed in 50 mL centrifugal vials and filled with 40 mL 96% ethanol. To break the agglomerates, the dispersions were sonicated for 10 min using an ultra-sonication tip (Vibra Cell VC 50T, Sonics & Materials Inc., Newtown, CT, USA, 50 Watt, 20 kHz, operated at 100% output), which was placed directly into the centrifugal vials. All dispersions were then quantitatively transferred into 100 mL measuring flasks and filled to the mark with 96% ethanol. All four dispersions in ethanol remained stable, even after storage for more than 24 h at room temperature.
AF4 and MALLS Measurements
The AF4 measurements were carried out with an "AF2000 MT Series mid temperature" (Postnova Analytics, Landsberg, Germany). The system was equipped with a 350 µm channel and a cellulose membrane (cut-off: 5 kDa). For the determination of the particles size distribution, a 21-angle-MALLS detector "PN3621" (Postnova Analytics, Landsberg, Germany) was used.
CB nano-particulates of all four dispersions were separated using the following AF4 method. At an injection flow of 0.2 mL/min 1 mL of the respective CB dispersion was injected and focused into the AF4 system for 10 min. The optimized AF4 conditions for the CB dispersions are as follows. The cross-flow was kept constant at 2.5 mL/min (start conditions). Within a transition time of 1 min, the focusing of the sample was terminated and the elution of sample started. The cross-flow was then rapidly reduced linearly to 1.5 mL/min within 0.4 min, followed by a parabolic decrease (power gradient 0.20) to 0.1 mL/min in 10 min, and another linear reduction to 0 mL/min in another 10 min. The channel was flushed at the end by the detector flow for 10 min without any cross flow to empty the channel completely. The detector flow was kept constant at 0.7 mL/min for the entire run. The channel was maintained at a temperature of 40 • C.
To correlate the MALLS detector outputs with the injected mass of CB, the diluted reference dispersions were used for MALLS calibration. For all CB dispersions, a series of dilutions from a fresh 100 mg/L stock dispersion were prepared at 0 (blank), 5, 10, 25, 50, 75, 100, and 125 ng/mL in 96% ethanol. The AF4 fractograms were integrated at all detection angles (except the 7 • angle) of the MALLS detector to obtain the peak areas that are directly proportional to the injected mass.
The CB material was completely dispersed in 96% ethanol with no sediment, thus the weighed mass of CB corresponds to the mass of CB in the dispersion. The CB standard dispersions can therefore be used for calibration of the MALLS output by the peak areas.
Furthermore, the results of the light scattering experiment were used to calculate the aggregate size of the dispersed CB through the radius of gyration, r g .
Results
Characterisation and Quantification of CB in Dispersion
The signals at all MALLS detector angles (except the 7 • angle) were used to calculate the CB particle size distribution (PSD) using a random coil fit in the software. For this exercise, 75 ng/mL dispersions were used for PX 80 and PX 85 and 125 ng/mL for N550 and N772. PX 80 and PX 85 exhibit a similar PSD, as do N550 and N772 with each other. In general, the PSD of PX 80 and PX 85 was narrower than that of N550 and N772. The results are summarized in Table 3 . The radius of gyration (r g ), also known as root mean square radius, describes the distribution of mass around the centre of gravity of a particular particle. This calculation is based on the angular variation of the MALLS signal intensities and it is independent of the shape of the particle. A geometrical radius can be calculated to take into account the shape of the particle [16] . In Table 3 , the recalculated geometrical sizes under the assumption of compact spheres (d sphere ) and random coils (l coil ) are also displayed. It must be noted that the real shape of CB (aciniform aggregates) deviates somewhat from these ideal geometrical forms. In the AF4 fractogram, CB elutes at a low cross-flow rate. PX 80 and PX 85 particles elute between t = 17-32 min, N550 and N772 between t = 20-32 min. The dispersant 96% ethanol did not cause any interfering signals in these time windows.
For all CB dispersions, a series of dilutions from a fresh 100 mg/L stock dispersion were prepared at 0 (blank), 5, 10, 25, 50, 75, 100, and 125 ng/mL in 96% ethanol. The AF4 fractograms were integrated at all detection angles (except the 7 • angle) of the MALLS detector to obtain the peak areas that are directly proportional to the injected mass. The CB particles were completely dispersed in 96% ethanol with no sediment, thus the weighed mass of CB corresponds to the mass of CB in the dispersion. The CB standard dispersions could therefore be used for the calibration of the MALLS output by the peak areas.
Identical concentrations of PX 80 and PX 85 dispersions caused higher signal intensities in the AF4 fractogram than both rubber grades, N550 and N772. Whilst even the lowest concentrated dispersion of PX 80 and PX 85 (i.e., 5 ng/mL) could be differentiated from the blank and the next higher concentration (10 ng/mL), the N550 and N772 dispersions at 25 ng/mL were the lowest concentrations that could be clearly differentiated for these rubber grades. Consequently, 5 ng/mL was set as the detection limit of the device for PX 80 and PX 85, and 25 ng/mL for N550 and N772 for a 1 mL injection volume. The correlation between the scattered light intensities and the injected mass of CB is exemplified in Figure 3 , with the AF4 fractograms being recorded at the 92 • detector angle, and in Figure 4 through the calibration curve that was obtained from the integration of the total peak area at all angles. The results for all CB dispersions are summarized in Table 4 . In the AF4 fractogram, CB elutes at a low cross-flow rate. PX 80 and PX 85 particles elute between t = 17-32 min, N550 and N772 between t = 20-32 min. The dispersant 96% ethanol did not cause any interfering signals in these time windows.
For all CB dispersions, a series of dilutions from a fresh 100 mg/L stock dispersion were prepared at 0 (blank), 5, 10, 25, 50, 75, 100, and 125 ng/mL in 96% ethanol. The AF4 fractograms were integrated at all detection angles (except the 7° angle) of the MALLS detector to obtain the peak areas that are directly proportional to the injected mass. The CB particles were completely dispersed in 96% ethanol with no sediment, thus the weighed mass of CB corresponds to the mass of CB in the dispersion. The CB standard dispersions could therefore be used for the calibration of the MALLS output by the peak areas.
Identical concentrations of PX 80 and PX 85 dispersions caused higher signal intensities in the AF4 fractogram than both rubber grades, N550 and N772. Whilst even the lowest concentrated dispersion of PX 80 and PX 85 (i.e., 5 ng/mL) could be differentiated from the blank and the next higher concentration (10 ng/mL), the N550 and N772 dispersions at 25 ng/mL were the lowest concentrations that could be clearly differentiated for these rubber grades. Consequently, 5 ng/mL was set as the detection limit of the device for PX 80 and PX 85, and 25 ng/mL for N550 and N772 for a 1 mL injection volume. The correlation between the scattered light intensities and the injected mass of CB is exemplified in Figure 3 , with the AF4 fractograms being recorded at the 92° detector angle, and in Figure 4 through the calibration curve that was obtained from the integration of the total peak area at all angles. The results for all CB dispersions are summarized in Table 4 . 
Recovery of CB Redispersed from Quartz
Sodium chloride (p.A., Sigma-Aldrich, St. Louis, MO, USA) and quartz sand (Büchi Labortechnik GmbH, Essen, Germany) were tested for their suitability as dry-food simulant. Both materials exhibit sufficient small grain sizes and hardness to provide a homogeneous friction of the polymer surface. Both simulants are insoluble in 96% ethanol and they are easy to be washed off for extracting the abraded matter.
To evaluate the influence of the dry simulant on the detectability of the CB particles, a compatibility test was performed. In separate vials, 1.0 g of the dry simulants were added to 100 mL of freshly prepared 100 mg/L CB dispersions and shaken for 15 min on a laboratory shaker. The dispersions were then stored at room temperature. After a few minutes, all of the dispersions with sodium chloride showed extensive flocculation of the CB and eventually sedimentation. In contrast, the CB dispersions spiked with quartz sand remained stable with the sand slowly and completely settled at the bottom of the vials. Therefore, quartz sand was considered to be a suitable abrasion 
To evaluate the influence of the dry simulant on the detectability of the CB particles, a compatibility test was performed. In separate vials, 1.0 g of the dry simulants were added to 100 mL of freshly prepared 100 mg/L CB dispersions and shaken for 15 min on a laboratory shaker. The dispersions were then stored at room temperature. After a few minutes, all of the dispersions with sodium chloride showed extensive flocculation of the CB and eventually sedimentation. In contrast, the CB dispersions spiked with quartz sand remained stable with the sand slowly and completely settled at the bottom of the vials. Therefore, quartz sand was considered to be a suitable abrasion medium for CB, whereas sodium salt was not further considered for this study but it may be suitable for other NMs.
The preparation with quartz sand was repeated for the four CB grades; 1.0 g in 15 mL polypropylene centrifugal tubes containing 10.0 mL of 75 ng/mL PX 80/PX 85 and 125 ng/mL N550/N772. After 15 min of shaking, the four dispersions were left to rest for 10 min, during which the sand settled completely at the bottom of the vials. Approximately 5 mL of the clear supernatants were carefully transferred into AF4 vials and 1 mL of each was injected for analysis. A blank sample (i.e., sand shaken with 96% ethanol with no CB) was also tested. The recovery was compared to the AF4/MALLS signals of CB dispersions with no contact to sand (references). AF4/MALLS fractograms showed slightly lower signal intensities for the dispersions having been in contact with the sand (Figure 5 ). The recovery rates on triplicate injections were calculated as 87% for PX 80, 82% for PX 85, 75% for N550, and 79% for N772.
for other NMs.
Even if some CB remain adsorbed on the sand surface, the quartz sand is deemed suitable as a dry-food simulant for the purpose of this study. 
Results of the Nano-Release Study
After the abrasion test was performed on the LDPE and EPDM nanocomposites (without pre-conditioning) the areas that were abraded with sand showed a dull, scratched surface ( Figure 6 ). This indicated a gentle and homogeneous abrasion of the surface. After transferring the abraded material and the sand into 96% ethanol, AF4/MALLS measurements were performed to detect potential CB nano-particulates. The relevant AF4 elution times for CB were between t = 17 to 32 min, but no signal other than that obtained from the sand blank (without contact to a nanocomposite) was recorded (Figure 7 ). Even if some CB remain adsorbed on the sand surface, the quartz sand is deemed suitable as a dry-food simulant for the purpose of this study.
After the abrasion test was performed on the LDPE and EPDM nanocomposites (without pre-conditioning) the areas that were abraded with sand showed a dull, scratched surface ( Figure 6 ). This indicated a gentle and homogeneous abrasion of the surface. After transferring the abraded material and the sand into 96% ethanol, AF4/MALLS measurements were performed to detect potential CB nano-particulates. The relevant AF4 elution times for CB were between t = 17 to 32 min, but no signal other than that obtained from the sand blank (without contact to a nanocomposite) was recorded (Figure 7) .
Prior to the abrasion test, the specimens of the LDPE and EPDM samples were subjected to pre-stressing under various conditions. After the heat treatment (24 h at 100 • C), all materials showed a significantly higher plasticity but no deformation or change in surface integrity was observed. Once cooled down to room temperature no differences to the original nanocomposites were perceived. Storing the nanocomposites at low temperatures (24 h at −50 • C) resulted in no obvious changes of the LDPE compounds, whilst the EPDM specimens showed increased stiffness, though still flexible and not brittle. Once warmed up to room temperature in a desiccator preventing condensate formation, all samples returned to their original flexibility. The swelling of the nanocomposites with solvents did not cause apparent differences with the original LDPE nanocomposites. The EPDM specimens did however swell while in contact with toluene and shrunk after being desiccated in the oven (Figure 8 ). Furthermore, the EPDM samples ended up being significantly less flexible after this chemical treatment. Prior to the abrasion test, the specimens of the LDPE and EPDM samples were subjected to pre-stressing under various conditions. After the heat treatment (24 h at 100 °C), all materials showed a significantly higher plasticity but no deformation or change in surface integrity was observed. Once cooled down to room temperature no differences to the original nanocomposites were perceived. Storing the nanocomposites at low temperatures (24 h at −50 °C) resulted in no obvious changes of the LDPE compounds, whilst the EPDM specimens showed increased stiffness, though still flexible and not brittle. Once warmed up to room temperature in a desiccator preventing condensate formation, all samples returned to their original flexibility. The swelling of the nanocomposites with solvents did not cause apparent differences with the original LDPE nanocomposites. The EPDM specimens did however swell while in contact with toluene and shrunk Prior to the abrasion test, the specimens of the LDPE and EPDM samples were subjected to pre-stressing under various conditions. After the heat treatment (24 h at 100 °C), all materials showed a significantly higher plasticity but no deformation or change in surface integrity was observed. Once cooled down to room temperature no differences to the original nanocomposites were perceived. Storing the nanocomposites at low temperatures (24 h at −50 °C) resulted in no obvious changes of the LDPE compounds, whilst the EPDM specimens showed increased stiffness, though still flexible and not brittle. Once warmed up to room temperature in a desiccator preventing condensate formation, all samples returned to their original flexibility. The swelling of the nanocomposites with solvents did not cause apparent differences with the original LDPE nanocomposites. The EPDM specimens did however swell while in contact with toluene and shrunk after being desiccated in the oven (Figure 8 ). Furthermore, the EPDM samples ended up being significantly less flexible after this chemical treatment. Mechanical stressing seemed to affect only the LDPE samples. Once detached from the clamps, the LDPE strips were found slightly elongated with a significant reduction in thickness at their center (by approximately 1 mm out of 3 mm). On the contrary, the EPDM strips retained their original shape with no visible changes.
Although preconditioning seemed to influence the integrity of the nanocomposites in some cases, the AF4 measurements on the dispersants from the subsequent abrasion test showed no signal for CB (Figure 9 ), thus indicating the absence of CB release. These findings were validated by fortification of the re-dispersed abrasion/sand samples with a known amount of CB-dispersion (25 µL of a 1 mg/L PX 80/PX 85 stock dispersion were added to 5 mL supernatant for a resulting 5 ng/mL CB content; due to lower signal intensities, the N550 and N772 supernatants were spiked to 25 Mechanical stressing seemed to affect only the LDPE samples. Once detached from the clamps, the LDPE strips were found slightly elongated with a significant reduction in thickness at their center (by approximately 1 mm out of 3 mm). On the contrary, the EPDM strips retained their original shape with no visible changes.
Although preconditioning seemed to influence the integrity of the nanocomposites in some cases, the AF4 measurements on the dispersants from the subsequent abrasion test showed no signal for CB (Figure 9 ), thus indicating the absence of CB release. These findings were validated by fortification of the re-dispersed abrasion/sand samples with a known amount of CB-dispersion (25 µL of a 1 mg/L PX 80/PX 85 stock dispersion were added to 5 mL supernatant for a resulting 5 ng/mL CB content; due to lower signal intensities, the N550 and N772 supernatants were spiked to 25 ng/mL). Examples for PX 80 are shown in Figure 9 . The CB signal demonstrates that the sand matrix did not influence the detectability of CB. In other words, CB would have been detected if released as uncoated CB particles from the nanocomposites through abrasion with or without preconditioning. Mechanical stressing seemed to affect only the LDPE samples. Once detached from the clamps, the LDPE strips were found slightly elongated with a significant reduction in thickness at their center (by approximately 1 mm out of 3 mm). On the contrary, the EPDM strips retained their original shape with no visible changes.
Although preconditioning seemed to influence the integrity of the nanocomposites in some cases, the AF4 measurements on the dispersants from the subsequent abrasion test showed no signal for CB (Figure 9 ), thus indicating the absence of CB release. These findings were validated by fortification of the re-dispersed abrasion/sand samples with a known amount of CB-dispersion (25 µL of a 1 mg/L PX 80/PX 85 stock dispersion were added to 5 mL supernatant for a resulting 5 ng/mL CB content; due to lower signal intensities, the N550 and N772 supernatants were spiked to 25 ng/mL). Examples for PX 80 are shown in Figure 9 . The CB signal demonstrates that the sand matrix did not influence the detectability of CB. In other words, CB would have been detected if released as uncoated CB particles from the nanocomposites through abrasion with or without preconditioning. Figure 9 . AF4 fractograms of abraded nanocomposites that were pre-stressed by heat (a), deep-freezing (b), solvent swelling (c), and stretching (d). The black curves are the fractograms of samples that were additionally fortified with carbon black (in this case PX 80 at 5 ng/mL). Figure 9 . AF4 fractograms of abraded nanocomposites that were pre-stressed by heat (a), deep-freezing (b), solvent swelling (c), and stretching (d). The black curves are the fractograms of samples that were additionally fortified with carbon black (in this case PX 80 at 5 ng/mL).
Discussion and Conclusions
Exposure to CB nano-particulates that were used in FCM is unlikely when the NM is fully incorporated into a polymer matrix [12, 17] because the mobility of CB nano-particulates is too low to cause migration based on Fickian diffusion. In practice, conditions of use could impact the integrity of the polymers and, as a consequence, could cause the NMs to not be fully embedded anymore within the host polymer matrix. There are thus legitimate concerns that intensive use of the food contact material under stress conditions might facilitate the release of CB nano-particulates.
To date, the number of studies on the mechanical stress related release of NMs from nanocomposites is very limited. Addo Ntim et al. [18] investigated the release of silicon dioxide and titanium dioxide nanoparticles from ceramic cookware after stress conditions that simulated intensive use. A linear abrader equipped with scrubbing pads, steel wool, or a tungsten carbide burr was used to abrade the surface of the ceramic coating. Single-particle inductively coupled plasma mass spectrometry (sp-ICP-MS) was used to determine the release of silicon dioxide and titanium dioxide particulates and to differentiate them from solubilized ionic species. Release of particles was only detected after abrasion of the surface with the tungsten carbide burr. As the authors stated, this condition obviously damaged the ceramic coating beyond reasonable use. Although the other abrasion conditions with scrubbing pad and steel wool can also be considered as severe, any release of nanomaterials was not detected.
Clearly, an investigation of the potential release of NMs from nanocomposites requires suitable analytical techniques [19] [20] [21] and a suitable experimental design [5] . Due to the particulate nature of CB [22] [23] [24] [25] , both requirements must be met. In a previous study we have demonstrated the non-migration of CB in a static migration experiment using AF4/MALLS [12] . In this new study, the focus was not on diffusion based migration of CB, but on release that is caused by mechanical abrasion of the surface and potentially triggered by various pre-stress treatments. To this end, a suitable abrasive dry substance was selected ensuring the stability of the CB dispersion for the AF4/MALLS measurements. The combination of quartz sand and 96% ethanol gave the best results. Verification that abrasion did occur effectively was achieved by microscopical images that demonstrated homogeneous matting of the nanocomposite's surface after abrasion. To simulate the intensive use of FCM and to draw worst case scenarios where the polymer integrity could be affected, the nanocomposites were subjected to thermal, chemical and mechanical stress prior to the abrasion test. Heating aimed at enhancing the flexibility of the polymer, deep-freezing at making the surface more brittle, the immersion in a solvent at swelling the LDPE, or increasing the stiffness and brittleness of the EPDM. Finally, stretching was to decrease the thickness of the polymer surrounding the CB nano-particulates. Under all of these conditions, both without and with pre-stressing, no release of CB was detected.
The overall limit of detection (LOD) of the method, considering the LOD of the device, the recovery rates, the nanocomposite area in contact with the dry simulant, as well as the amount of abrasive sand and ethanol used were in relation to the food contact area 0.78 µg/dm 2 for PX 80, 0.83 for PX 85, 0.78 for N550, and 0.74 for N772. Assuming a surface to volume ratio of 6 dm 2 per kg of food, according to the European Union (EU) cube model, this corresponds to a detection limit of approximately 5 µg of CB per kg of food. From the migration experiments, it can be concluded that, when considering that these LODs were achieved even under severe stress conditions, CB will not be released into food under normal conditions of use and that exposure of the consumer to CB nano-particulates is not to be expected. 
